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ABSTRACT 

We  report  on  a  novel  laser-based  technique  coined 
surface  laser  photofragmentation-fragment  detection 
(SPF-FD)  spectroscopy  for  detecting  explosives 
residues,  chemical  warfare  agents,  and  other 
hazardous  materials  on  surfaces  in  real  time  at 
ambient  conditions.  Our  technique  utilizes  one  or 
two  lasers  to  both  photolyze  the  target  species  and  to 
facilitate  the  detection  of  the  characteristic 
photofragments  by  resonance-enhanced  multiphoton 
ionization,  laser  induced  fluorescence,  or  both.  We 
demonstrate  its  analytical  utility  on  explosives  RDX, 
HMX,  CL20,  and  TNT,  and  report  the  effects  of  laser 
photofragmentation  wavelength  and  energy,  delay 
between  photofragmentation  and  probe  lasers,  and 
electrode  orientation  on  signal  intensity.  Signal  to 
noise  analyses  yield  limits  of  detection  in  the  range  of 
1  to  15  ng/cm2  (S/N=3)  at  1  atm  and  298K. 

1.  INTRODUCTION 

The  Detection  and  monitoring  of  explosives 
residues  is  critical  to  the  safety  and  security  of  our 
warfighters  and  general  population.  It  is  of  particular 
interest  in  the  areas  of  detecting  potential  terrorist 
activity,  demilitarization,  and  minesweeping 
operations.  As  a  result  of  interest  in  these  areas,  we 
have  developed  an  advanced  laser-based  sensor  to 
reduce  the  risk  to  the  warfighter  and  general 
population  by  detecting  the  presence  of  these 
materials  and  preventing  their  use.  A  photograph  of 
our  prototype  sensor  head  is  shown  in  figure  1 . 

Our  sensor  offers  the  combination  of  high 
sensitivity  and  selectivity  with  real-time  monitoring 
capabilities,  and  is  based  on  surface  laser 
photofragmentation  (SPF)  with  subsequent  fragment 
detection  (FD).  It  utilizes  one  or  two  lasers  to 
photofragment  the  analyte  species  and  to  facilitate  the 
detection  of  the  characteristic  photofragments  by 
resonance  -  enhanced  multiphoton  ionization 


Fig.  1.  Photograph  of  hand-held,  laser  probe. 


(REMPI),  laser-induced  fluorescence  (LIF),  or  both. 
This  approach  is  particularly  desirable  for  explosives 
with  low  vapor  pressures  at  ambient  conditions  that 
cannot  be  detected  in  the  gas-phase  and  explosives 
which  do  not  lend  themselves  to  direct  spectroscopic 
detection  because  they  posses  weak  transitions  or 
broad  and  poorly  defined  spectral  features.  SPF 
results  in  the  formation  of  small,  characteristic 
fragments  (e.g.  monatomic,  diatomic  and  triatomic 
species)  that  can  be  detected  by  the  above-mentioned 
methods  due  to  a  favorable  combination  of  usually 
strong  optical  transitions  and  sharp,  well-resolved 
spectral  features.  Since  the  fragments  are 
characteristic  of  the  chemical  composition  of  the 
precursor  molecule,  they  also  contribute  to  the 
selectivity  of  the  method.  One  important  feature  of 
the  SPF-FD  method  is  its  utility  for  detecting  of 
classes  of  compounds.  When  molecules  share  a 
common  functionality  (e.g.  N02  for  explosives,  PO 
for  organophosphonates,  As  for  arsenic-containing 
compounds,  or  F,  Cl,  and  Br  for  halogenated 
compounds)  the  functionality  may  be  targeted  for 
fragmentation  and  detection  (see  figure  2). 
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Fig.  2.  SLP-FD  approach  for  RDX  and  VX 
detection 


Optimization  of  the  technique  for  the  detection  of  a 
characteristic  fragment  allows  a  class  of  compounds 
to  be  detected  by  a  single  spectroscopic  approach. 

In  this  paper,  we  report  the  detection  of  explosive 
residues  RDX,  HMX,  CL20,  and  TNT  in  situ  and  in 
real  time  by  SPF-FD  spectroscopy.  A  laser  operating 
in  the  ultraviolet  photofragments  RDX  on  a  surface 
and  a  second  laser  tuned  to  226  nm  ionizes  the 
characteristic  NO  fragment  by  means  of  its  A£+-XIT 
(0,0)  transitions  by  (1+1)  REMPI.  The  NO  fragment 
is  characteristic  of  the  N02  functional  group  that  is 
present  in  these  molecules.  We  report  the  effects  of 
laser  photofragmentation  wavelength  and  energy, 
delay  between  photofragmentation  and  ionization 
lasers,  and  electrode  configuration  on  signal 
intensity.  We  use  an  ion  optics  simulation  program  to 
model  the  electric  field  of  two  sets  of  electrodes  in 
the  presence  of  a  substrate  and  reveal  the  more 
sensitive  configuration.  Signal-to-noise  analyses 
yield  detection  limits  in  the  low  ng/cm2  (S/N=3)  at  1 
atm  and  298K. 


2.  SENSOR 

Our  previous  publication  contains  the  details  of 
the  SPF-FD  technique  (Cabalo  and  Sausa,  2003).  An 
abridged  description  of  the  experimental  apparatus 
follows  Briefly,  a  laser  beam  excites  a  thin  film  of 
energetic  material  placed  on  the  surface  of  a  quartz 
plate,  and  second  laser  beam,  whose  frequency  is  in 
the  224-  to  226-nm  range  ionizes  the  resulting  NO 
photo  fragment  by  REMPI.  We  direct  the  excitation 
laser  beam  perpendicular  to  the  substrate  surface  and 
the  ionization  laser  beam  parallel  to  the  substrate 
surface.  The  pump  and  probe  laser  energies  are  in 
the  10  to  20  pj  range.  A  pulse  generator  (Stanford 
Research  Systems,  DG  535)  controls  the  time  delay 
between  the  lasers. 


Substrate 


Fig.  3.  Electrode-surface  orientation.  Top  electrodes 
are  designated  VE  for  vertical  electrodes  and  the 
bottom  electrodes  are  designated  HE  for  horizontal 


Figure  3  depicts  two  sets  of  miniature,  stainless 
steel  electrodes  that  collect  the  ions  and  electrons. 
We  denote  the  set  depicted  in  the  top  of  figure  2  as 
VE  for  vertical  electrodes.  They  are  perpendicular  to 
the  substrate  surface  and  are  approximately  15  mm  x 
15  mm  in  size  with  a  5-mm  gap  and  ~0.5  mm  from 
the  surface.  A  700-V  bias  between  them  results  in  an 
average  electric  field  of -140  V/mm.  We  denote  the 
set  depicted  in  the  bottom  of  figure  2  as  HE  for 
horizontal  electrodes.  They  are  parallel  to  the 
substrate  surface  and  are  similar  to  the  VE  electrodes, 
except  that  they  have  a  6-rnm  gap  and  contain  2-mm 
holes  for  the  passage  of  the  excitation  laser  beam.  An 
850-V  bias  between  them  yields  an  average  field  of 
-140  V/mm,  the  same  as  in  the  VE  electrodes.  The 
lower  plate  is  insulated  and  is  -0.5  mm  from  the 
substrate  surface.  A  current  amplifier  (Keithley 
427,  gain  106  -  107  V/A,  time  constant  0.01  ms) 
amplifies  the  electrode  signal  and  a  125-MHz 
oscilloscope  (Lecroy,  9400)  monitors  it.  A  personal 
computer  records  the  signals  from  a  boxcar  averager 
(Stanford  Research  Systems,  SR250). 

We  prepared  thin  films  of  RDX,  HMX,  CL20,  and 
TNT  by  coating  microscope  slides  with  known 
volumes  of  dilute  solutions  of  the  target  compound  in 
acetone  and  then  evaporating  the  solvent.  SPF-FD 
spectra  are  recorded  with  10-shot  averaging  at 
excitation  laser  wavelengths  of  355,  266  and  248  nm, 
while  scanning  the  probe  laser  at  a  rate  of  0.00375 
nm/s.  The  substrate  is  translated  to  replenish  the  film. 
For  each  LOD  measurement,  we  use  4-10  slides  with 
varying  film  thickness  (surface  concentration)  of  the 


target  explosive.  Signal  levels  for  the  response  plots 
are  recorded  at  a  fixed  excitation  laser  wavelength 
with  the  probe  laser  set  to  226.2  ran,  while  translating 
the  substrate  so  that  each  laser  shot  samples  a  fresh 
film  spot.  A  plot  of  ion  signal  as  a  function  of 
concentration  yields  the  response  curve  for  each 
compound. 

Our  colleagues  at  the  U.S.  Army  Research 
Laboratory  provided  us  with  the  energetic  materials. 
High  Pressure  Liquid  Chromatography  (HPLC) 
analysis  of  the  explosives  reveals  an  HMX  purity  of 
more  than  99.9%  and  RDX,  CL20,  and  TNT  purities 
of  more  than  99%.  A  UV-visible  spectrometer 
(Hewlett-Packard,  Model  8453)  with  Hewlett- 
Packard  Chemstation  software  records  the 
absorbance  spectra  of  RDX  and  CL20  in  the 
wavelength  region  of  190  nm  to  400  nm.  The  N02 
(485  ppm  in  N2)  and  NO  (0.097%  in  Ar)  gases  are 
from  Matheson  Tri-Gas  and  Airgas,  respectively. 

3.  RESULTS  AND  DISCUSSION 

Figure  4  shows  the  SPF-FD  spectra  of  RDX, 
along  with  a  REMPI  spectrum  of  trace  NO  gas,  in  the 
region  of  225.8  to  227.0  nm  at  298K  and  1  atm  using 
the  HE  ionization  probe  (Fig.  2,  bottom).  The  firing 
between  the  pump  and  probe  lasers  is  set  to  1ms.  We 
observe  similar  spectra  for  HMX,  CL20,  and  TNT, 
and  with  the  VE  probe  (Fig.  2,  top),  but  we  do  not 
observe  any  signal  with  either  probe  if  the 
photofragmentation  laser  is  off  or  if  there  is  no 
explosive  on  the  substrate.  The  prominent  spectral 
features  of  the  explosives  are  similar  to  those  of  NO, 
and  are  attributed  to  NO  rotational  lines  of  the 
Q1+P21,  Pi,  and  P2+Qi2  branches  of  the  A-X  (0,0) 
band  (Cabalo  and  Sausa,  2003).  The  fact  that  the 
explosives  yield  a  unique  molecular  fingerprint  of 
NO  is  definitive  proof  that  SPF-FD  successfully 
detects  residues  of  low  vapor  pressure  explosives  at 
ambient  conditions.  The  overall  SPF-FD  mechanism 
involves  the  following  steps: 

hv  (uv) 

R-N02  (s)  ->  R  +  NO  (X2n)  +0  (1) 

hv  (226  nm)  hv  (226  nm) 

NO  (X2n)  NO  (A2Z+)  ->  NO+  (X2Z+)  +  e  (2) 

in  which  step  (1)  represents  the  uv  laser  excitation  of 
a  thin  energetic  film  that  yields  ground  state  NO,  and 
step  (2)  represents  the  (1+1)  REMPI  of  the  NO 
fragment  by  means  of  its  real,  intermediate  A2E+  state 
(t  ~  215  ns).  We  observe  an  enhancement  in  the  NO 
ionization  because  the  intermediate  state’s  energy  is 


resonant  with  one  226-nm  photon.  Steps  (1)  and  (2) 
depict  very  efficient  processes  and  require  only  a  few 
microjoules  of  laser  radiation.  These  processes  are 
depicted  in  figure  5. 

Our  study  on  the  effects  of  common  laser 
photolysis  wavelengths  on  the  SPF-FD  technique’s 
sensitivity  shows  the  SPF-FD  signal  increases  with 
decreasing  wavelength.  At  248  nm  the  signal  is 
approximately  a  factor  two  greater  than  at  266  nm, 
and  at  355  nm  no  detectable  signal  is  observed.  At 
10.6  pm  the  signal  is  obscured  by  contaminants 
resulting  from  the  infrared-induced  decomposition  of 
RDX,  and  work  at  this  wavelength  was  discontinued. 
RDX  is  consumed  more  rapidly  at  10.6  pm  compared 
to  wavelengths  in  the  ultraviolet  because  the  infrared 
beam  rapidly  heats  an  area  of  the  substrate  greater 
than  its  size. 

We  also  investigated  the  effects  of  delay  between 
photolysis  and  ionization  lasers  and  photolysis  laser 
energy.  The  SPF-REMPI  signal  was  monitored  as  a 
function  delay  between  lasers  in  order  to  determine 
the  optimal  delay  between  the  photolysis  and 
ionization  lasers.  All  delay  times  (0.1  -  40-ms) 
resulted  in  the  same  signal  indicating  that  the  NO 
concentration  from  RDX  reaches  a  steady  state  value 
very  quickly.  A  delay  of  1  ms  is  arbitrarily  selected 
for  further  study.  The  SPF-REMPI  signal  increases 
linearly  with  laser  energy  up  to  12  pj,  and  then 
begins  to  level  off. 
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Fig.  4.  RDX  SPF-FD  and  NO  REMPI  Spectra 
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Fig.  5.  NO  and  N02  potential  energy  diagrams 


We  determined  the  efficacy  of  both  HE  and  VE 
probes  by  testing  them  on  RDX  during  identical 
operating  conditions  (same  pump  and  probe  laser 
energy  and  wavelength).  Our  results  show  that  the 
HE  probe  with  horizontal  electrodes  is  about  an  order 
of  magnitude  more  sensitive  than  the  VE  probe  with 
vertical  electrodes.  An  important  factor  that 
contributes  to  the  difference  in  sensitivity  is  the  effect 
of  the  substrate  on  the  probe’s  electric  field.  We 
investigated  this  effect  with  Simeon  7.0,  a  PC-based, 
electrostatic  lens  analysis  and  design  program 
developed  by  David  Dahl  of  the  Idaho  National 
Engineering  and  Environmental  Laboratory. 
(Simeon  was  developed  originally  by  D.  C. 
McGilvery  at  Latrobe  University  Bundoora  Victoria, 
Australia,  1977). 

Simion  calculates  the  electric  field  and  scalar 
potential  between  the  electrodes  in  the  presence  of  a 
substrate  by  solving  the  Poisson  Equation 

v2  </>  =  a ,  o) 

£ 

in  which  (f>  is  the  electric  potential,  p  is  the  charge 
distribution,  and  s  is  the  absolute  permittivity.  A 
“method  of  images”  creates  a  valid  solution  of  the 
electric  potential  by  using  the  distribution  of  real 
charge  plus  “simulated”  or  “image”  charge  that  is 
idealized  to  be  on  the  other  side  of  the  plane  defined 
by  the  substrate  surface  and  that  fulfills  the  boundary 
conditions.  The  potential  for  the  point  charge  close  to 
the  substrate  is  a  combination  of  the  charge  and  its 


Fig.  6.  Calculated  equipotentials:  (a)  VE 
electrodes  and  (b)  HE  electrodes. 

mirror  “image”  charge  multiplied  by  a  constant  that 
is  defined  by 


(*e  -  1)  /  (*e  +  1),  (4) 

in  which  Ke  is  the  dielectric  constant  in  the  case  of  a 
linear  isotropic  homogeneous  dielectric. 

Figure  6  shows  simulations  of  the  VE  and  HE 
probe’s  electric  field  with  a  dielectric  substrate  close 
to  the  probes.  The  top  panels  show  a  three- 
dimensional  perspective  of  the  probe’s  equipotential 
surfaces,  whereas  the  bottom  panels  show  a  two- 
dimensional  “slice”  of  the  three-dimensional  picture 
depicting  the  equipotential  surfaces  as  equipotential 
lines.  When  the  substrate  is  brought  close  to  the  edge 
of  the  VE  probe,  a  significant  component  of  the 
electric  field  is  oriented  towards  the  substrate  surface 
and  away  from  the  probe,  as  shown  by  the 
equipotential  lines  (the  force  vectors  are  normal  to 
the  equipotential  lines  and  surfaces).  The  electrons 
or  ions  are  forced  away  from  the  probe  and  are  not 
collected.  In  contrast,  the  HE  probe’s  electric  field  is 
mostly  unperturbed  as  the  substrate  approaches  the 
electrodes,  as  shown  in  the  bottom  of  Fig.  2B,  and  all 
the  charged  species  are  collected.  Thus,  the  HE  probe 
is  more  sensitive  than  the  VE  probe.  The  HE  probe 
also  offers  additional  advantages  over  the  VE  probe. 
First,  it  can  sample  metallic  substrates  because  the 
high  voltage  electrode  near  the  surface  can  be 
insulated,  and  second,  it  can  be  made  to  operate  as  a 
miniature  ion  mobility  spectrometer  for  increased 
selectivity. 


SPF-REMPI  (Rel.) 


Fig  7.  Response  curves  of  the  selected  energetic 
materials 


The  probe’s  configuration  and  electric  field 
orientation  play  a  role  in  the  extraction  and  collection 
of  charged  species  from  the  laser  irradiation  of  the 
energetic  films.  We  recorded  RDX  signal  traces  with 
both  the  VE  and  HE  electrodes  at  248  nm  with  the 
226-nm  laser  off.  The  248-nm  laser  beam  was 
normal  to  the  VE  probe’s  electric  field  but  parallel  to 
that  of  the  HE  probe.  Both  traces  reveal  the  time 
evolution  of  the  charged  species.  The  curves  have 
about  the  same  area  but  different  shapes.  Most  of  the 
signal  from  the  VE  probe  occurs  in  the  first  50  us, 
whereas  the  signal  from  the  HE  probe  is  distributed 
over  150  ps.  We  attribute  the  peaks  to  a  combination 
of  photoelectrons  (t — 15  ps)  and  molecular  ions  (t  >15 
ps).  Although  both  probes  collect  the  photoelectrons, 
the  HE  probe  collects  more  of  the  ions.  The  origin 
and  assignment  of  the  positive  ions  are  not  well 
known  and  are  the  subject  of  future  inquiry. 

Figure  7  shows  response  curves  of  the  various 
explosives  at  248  and  226.3  nm  for  the  pump  and 
probe  laser  wavelength,  respectively.  The  solid 
straight  lines  are  best  fits  to  the  data,  which  are 
represented  by  symbols.  The  responses  are  directly 
proportional  to  the  amount  of  material  on  the 
substrate  for  a  fixed  optical  setup  and  laser  energy. 
In  all  cases,  the  signal  is  over  a  wide  range  of 
concentrations.  The  LOD  is  defined  by  3ct/R,  where 
R  is  the  response  and  a  is  the  root  mean  square  of  the 
noise.  Table  1  shows  the  LOD  for  the  various 
energetic  materials.  They  are  1.4  ng/cm2  for  RDX, 
2.0  ng/cm2  for  HMX,  7.1  ng/cm2  for  CL20,  and  15.4 
ng/cm2  for  TNT.  Ranking  the  compounds  by  limit  of 
detection  yields  a  sensitivity  of  RDX  >  HMX  >  CL20 


Table  1.  Energetic  materials  with  their  limit  of  detection 
(LOD)  and  extinction  coefficient  at  248  nm,  and  their  R- 
N02  bond  energy. 


Energetic 

Material 

LOD 

(ng/cm2) 

Extinction 

Coefficient 

(S)a(xl03) 

R-N02 

Bond  Energy 
(kcal/mol) 

RDX 

1.4 

7.2,  6.8 

34.2,  34.3, 

39.0 

HMX 

2.0 

9.4 

38.8 

CL20 

7.1 

15.0 

39.4 

TNT 

15.4 

13.6,  14.2 

>60 

aE  =  log  (lo/T)/£c,  where  Io  is  the  intensity  of  the 
incident  light,  I  is  the  intensity  of  the  transmitted 
light,  l  is  the  pathlength  in  cm,  and  c  is  the 
concentration  in  moles/liter. 


TNT.  The  RDX  value  of  1 .4  ng/cm2  corresponds  to  ~ 
0.4  fg  of  RDX  and  compares  favorably  to  the  200-pg 
value  obtained  by  Chang  and  coworkers  (Cheng  et 
al.,  1995).  Table  1  shows  that  the  LOD  ratio  of  TNT 
to  RDX  is  ~11.  This  value  is  similar  to  the  value  of 
10  obtained  by  our  group  by  one-laser  PF-FD  of 
gaseous  RDX  and  TNT  at  226  nm  near  ambient 
conditions  (Swayanbunathan  et  ah,  1999).  Probing 
the  NO  fragment  by  REMPI  yielded  TNT  and  RDX 
LODs  of  70  and  7  ppb,  respectively. 

The  overall  SPF-FD  mechanism  represented  in 
steps  (1)  and  (2)  suggests  that  the  LOD  for  each 
energetic  material  depends  on  the  amount  of  NO 
produced  at  248  nm,  step  (1),  and  the  amount  of  NO 
detected  at  226.3  nm,  step  (2).  In  our  LOD 
measurements,  the  probe  energy  and  optical  setup  are 
the  same  for  all  the  compounds;  thus,  the  amount  of 
NO  produced  at  248  nm  depends  on  the  absorption 
coefficient  of  the  target  compound  at  248  nm  and  the 
governing  mechanism  that  produces  NO.  Table  1 
lists  the  248-nm  extinction  coefficients  of  the 
energetic  materials  studied.  The  RDX  and  CL20 
values  from  this  work  are  7.6xl03  and  1.5xl04, 
respectively.  The  RDX,  HMX  and  TNT  values  of 
6.8xl03,  9.4xl03,  and  13.6xl03  are  interpolated 
values  from  extinction  coefficient  curves  of  Scroeder 
and  coworkers  (Scroeder  et  ah,  1951),  whereas  that 
of  TNT,  14.2xl03,  is  obtained  from  the  work  of 
Kamlet,  Hoffsomer,  and  Adolph  (Kamlet  et  ah, 
1962).  All  of  the  RDX  values,  as  well  as  the  TNT 


values  are  in  good  agreement  considering  the  error  in 
interpolation  at  248  nm.  Ordering  the  compounds  by 
absorbance  at  248  nm  yields  CL20  >  TNT  >  HMX  > 
RDX.  A  priori,  we  expect  the  compounds’  LOD 
order  to  parallel  their  absorbance  order.  Surprisingly, 
this  is  not  the  case:  the  CL20  and  TNT  extinction 
coefficients  are  higher  than  those  of  RDX  and  HMX, 
yet  their  sensitivities  are  lower.  Also,  the  extinction 
coefficient  of  CL20  is  about  the  same  as  that  of  TNT, 
but  its  sensitivity  is  almost  twice  that  of  TNT. 
Clearly,  the  molecule’s  absorption  at  248  nm  plays 
less  of  a  role  in  its  LOD  than  the  mechanism  for 
generating  NO. 

The  mechanisms  involved  in  the  248-nm  laser- 
irradiation  of  RDX,  CL20,  HMX  and  TNT  on 
surfaces  are  complex.  They  may  include 
photothermal  and  photochemical  processes,  as  well 
as  surface  effects.  Among  the  many  suggested  initial 
steps  in  the  thermal  decomposition  of  the  selected 
energetic  materials  in  the  condensed-phase,  the  most 
likely  mechanism  is  the  homolysis  of  the  nitro 
functional  group,  which  is  weakly  attached  to  the 
remainder  of  the  molecule.  NO?  may  then  react 
further  to  produce  NO.  Table  1  also  lists  the  R-NO2 
bond  dissociation  energy  for  the  four  compounds 
(Wu  and  Fried,  1997,  Kuklja  and  Kunz,  2001, 
Chakraborty  et  al.,  2001,  Rice,  2004,  private 
communication,  and  Gonzalez  et  al.,  1985).  Table  1 
shows  that  TNT  has  the  highest  bond  dissociation 
energy  for  R-N02  scission  by  at  least  20  kcal/mol.  In 
part,  this  is  because  the  NO?  group  in  TNT  is  bonded 
to  a  carbon-atom  containing  ring  that  is  more  stable 
than  the  nitrogen-atom  containing  ring  in  the 
nitramines,  RDX,  HMX,  and  CL20.  Thus,  TNT 
releases  its  NO?  less  readily  than  RDX,  HMX,  and 
CL20,  and  its  LOD  value  is  expected  to  be  larger 
than  that  of  the  nitramines.  Also,  TNT  has  several 
alternative  decomposition  pathways  that  compete 
with  R— NO?  bond  scission.  They  include  nitro/nitrite 
isomerization  (Gonzalez  et  al.,  1985),  oxidation  of 
-CH3  to  form  anthranil  (He  et  al.,  1988),  and 
catalysis.  These  pathways  also  decrease  the  initial 
production  of  NO?  and  contribute  to  TNT’s  lower 
sensitivity  relative  to  the  nitramines. 

The  R-NO?  bond  dissociation  energy  of 
nitramines  RDX,  HMX,  and  CL20  is  similar,  around 
34  to  39  kcal/mol.  However,  CL20  has  an  LOD  that 
is  a  factor  of  nearly  3  times  greater  than  that  of  RDX 
and  HMX.  This  suggests  that  the  process  of  N02 
release  in  these  molecules  is  more  complicated  than 
the  simple  cleavage  of  a  single  nitro  functional  group 
and  may  involve  the  loss  of  more  than  one  nitro 
group  from  each  molecule.  In  the  case  of  RDX  and 
HMX,  the  energy  for  the  ring’s  C — N  bond  cleavage 
is  lowered  after  the  removal  of  the  nitro  functional 


group,  and  further  decomposition  generating 
additional  NO?  is  possible  (Patil  and  Brill,  1991).  In 
contrast,  the  C — N  bond  in  CL20’s  backbone  is 
stabilized  following  N02  homolysis,  and  further 
decomposition  is  hindered  (Patil  and  Brill,  1991,  and 
Geetha  et  al.,  2003).  The  backbone  of  RDX  and 
HMX  is  two-dimensional,  and  it  is  sterically  difficult 
for  the  radical  site  to  stabilize  itself  by  interacting 
with  its  other  parts.  In  the  case  of  CL20,  its  cage 
structure  promotes  the  stabilization  of  the  radical  site 
by  rearrangement  or  multiple  bond  formation  with 
other  parts  of  the  backbone  and  prevents  additional 
NO?  loss.  Although  our  argument  for  CL20’s  LOD 
being  larger  than  that  of  RDX  and  HMX  is  plausible, 
other  governing  processes  may  be  operable. 

Figure  8  shows  a  SPF-FD  spectrum  of  NO  from 
RDX  using  the  HE  probe,  along  with  a  spectral 
simulation  of  NO,  in  the  region  of  225.8  to  226.8  nm. 
Both  spectra  reveal  NO  rotational  lines  of  the  Qi+P?i, 
Ri+Cbi,  Q2+R12,  R?,  and  R21  branches  of  the  A-X 
(0,0)  band.  A  multiparameter  computer  program 
based  on  a  Boltzmann  rotational  distribution  analysis 
generates  the  simulation  spectrum  (Cabalo  and  Sausa, 
2003).  Parameters  include  laser  line  shape,  rotational 
line  strengths  and  energies,  and  temperature.  The  best 
fit  of  the  data  using  a  Gaussian  function  for  the  laser 
line  shape  yields  a  rotational  temperature,  TR  of  304 
±  10  K,  and  indicates  that  the  NO  fragment  is 
thermally  equilibrated  by  collisions  with  O?  and  N2  in 
the  time  scale  of  the  experiment,  as  expected  from 
gas  kinetic  calculations. 

We  also  probed  the  NO  fragment  for  vibrational 
excitation  and  determined  its  vibrational  temperature. 
Laser  radiation  near  226  nm  excites  the  NO  A-X 
(0,0)  transitions  and  probes  the  NO  X2n  (v”=0)  state, 
whereas  laser  radiation  near  224  and  237  nm  excites 
the  (1,1)  and  (0,1)  transitions,  respectively,  and 
probes  the  (v”=l)  state.  We  observed  significant 


Fig.  8.  Results  of  rotational  analysis:  best  fit  of  the  SPF- 
FD  signal  from  RDX. 


signal  from  all  the  energetic  materials  at  226  nm,  blit 
little,  if  any,  at  224  nm  or  from  RDX  at  237  nm.  This 
indicates  that  NO  is  formed  primarily  in  its  X2n 
(v”=0)  state  with  a  vibrational  temperature,  Tv,  of 
-298K.  The  millisecond  time  of  our  experiment  is 
sufficient  to  vibrationally  relax  NO,  which  requires  a 
few  microseconds.  Heflinger  and  coworkers 
observed  vibrationally  excited  NO  X2n  (  v”=2)  from 
the  248-nm  photolysis  of  TNT  vapor  near  ambient 
conditions  (Arusi-Parpar  et  al.,  2001).  This  is  not 
suprising  because  the  time  between  the  TNT 
photolysis  and  subsequent  L1F  detection  of  NO  (~  10 
ns)  is  less  than  the  time  required  for  NO  to 
vibrationally  relax.  Also,  TNT  experiences  fewer 
collisions  when  it  decomposes  in  the  gas  phase 
compared  to  the  condensed  phase. 

Unlike  the  224-nm  excitation  of  the  energetic 
films,  we  observe  a  significant  NO  X2n  (v”=l)  signal 
when  we  photolyze  N02  gas  at  224  nm.  In  this  case, 
the  time  between  the  photolysis  of  N02  and 
ionization  of  NO  (~6  ns)  is  insufficient  to 
vibrationally  thermalize  NO.  We  do  not  observe  any 
v”=l  signal  from  room  temperature  NO,  as  expected, 
because  its  Boltzmann,  (v”=l/v”=0)  ratio  is  ~10'5  at 
298K.  We  calculate  an  N02  detection  limit  of  ~  150 
ppb  at  224  nm  from  this  and  prior  work  (Pastel  and 
Sausa,  2000).  This  suggests  that  less  than  150  ppb  of 
N02  from  the  energetic  film  survives  ~1  ms  after  the 
laser  excitation  pulse.  Thus,  the  NO  signal  from  the 
energetic  films  results  probably  from  secondary 
reactions  of  N02  rather  than  the  gas-phase  photolysis 
of  N02  emanating  from  the  energetic  film.  Brill  and 
coworkers  show  that  N02  is  the  primary  product  from 
the  rapid  heating  of  CL20  (Gongwer  and  Brill,  1998) 
and  RDX  and  HMX  (Oyumi  and  Brill,  1985).  They 
observe  that  NO,  if  present  at  all  in  the  early  stages  of 
the  decomposition,  increases  rapidly  as  N02  reduces 
from  secondary  reactions.  Geetha  and  coworkers 
corroborate  these  observations  from  their  work  on  the 
thermal  decomposition  of  CL20  (Geetha  et  al.,  2003). 

CONCLUSION 

We  have  presented  a  new  technique  coined  SPF- 
FD  for  detecting  explosive  residues.  The  technique 
uses  an  ultraviolet  laser  to  photolyze  the  energetic 
materials  and  a  second  226-nm  laser  to  ionize  the 
resulting  NO  photofragment.  We  have  demonstrated 
is  analytical  utility  on  trace  concentrations  of  RDX, 
HMX,  CL20,  and  TNT  energy  at  atmospheric 
pressure  and  room  temperature  with  LODs  in  the  low 
ng/cm2  range  using  a  few  microjoules  of  laser. 
Maximum  signal  is  observed  at  248  nm,  over  266  and 
355  nm,  where  the  absorption  coefficient  of  the 
explosives  is  the  strongest.  Our  HE  probe  is  a  factor 
of  ~  10  more  sensitive  than  our  VE  probe  because  the 


substrate  perturbs  the  electric  field  of  the  HE  probe 
less  than  that  of  the  VE  probe,  as  shown  in  our  ion 
optics  calculations. 

The  sensitivity  of  the  SPF-FD  technique  also 
depends  on  the  photochemical  and  photothermal 
processes  yielding  NO.  NO  is  rotationally  and 
vibrationally  equilibrated  in  the  time  scale  of  our 
experiment  and  is  formed  probably  from  secondary 
reaction  of  N02.  TNT  and  CL20  have  lower 
sensitivities  than  RDX  and  HMX,  whose  sensitivities 
are  comparable.  TNT’s  stronger  R-N02  bond 
compared  to  that  in  the  nitramines  and 
decomposition  pathways  that  compete  with  R-N02 
homolysis  might  contribute  to  its  low  sensitivity.  In 
the  case  of  CL20,  whose  R-N02  bond  strength  is 
comparable  to  that  of  RDX  and  HMX,  its  cage 
structure  likely  inhibits  the  escape  of  additional  N02 
groups,  after  primary  R-N02  homolysis,  and 
contributes  to  its  low  sensitivity. 

In  short,  our  SPF-FD  approach  exhibits 
great  potential  for  detecting  trace  energetic  materials 
on  surfaces  in  real  time  and  in  situ  because  of  its  high 
sensitivity  and  simplicity  of  instrumentation.  It  is  not 
restricted  to  explosives  and  its  application  to 
chemical  warfare  agents  and  other  hazardous 
materials  is  ongoing. 
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